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†Background Cultivated bananas and plantains are giant herbaceous plants within the genus Musa. They are both
sterile and parthenocarpic so the fruit develops without seed. The cultivated hybrids and species are mostly triploid
(2n ¼ 3x ¼ 33; a few are diploid or tetraploid), and most have been propagated from mutants found in the wild. With
a production of 100 million tons annually, banana is a staple food across the Asian, African and American tropics,
with the 15 % that is exported being important to many economies.
†Scope There are well over a thousand domesticated Musa cultivars and their genetic diversity is high, indicating
multiple origins from different wild hybrids between two principle ancestral species. However, the difﬁculty of gen-
etics and sterility of the crop has meant that the development of new varieties through hybridization, mutation or
transformation was not very successful in the 20th century. Knowledge of structural and functional genomics and
genes, reproductive physiology, cytogenetics, and comparative genomics with rice, Arabidopsis and other model
species has increased our understanding of Musa and its diversity enormously.
†Conclusions There are major challenges to banana production from virulent diseases, abiotic stresses and new
demands for sustainability, quality, transport and yield. Within the genepool of cultivars and wild species there
are genetic resistances to many stresses. Genomic approaches are now rapidly advancing in Musa and have the pro-
spect of helping enable banana to maintain and increase its importance as a staple food and cash crop through inte-
gration of genetical, evolutionary and structural data, allowing targeted breeding, transformation and efﬁcient use of
Musa biodiversity in the future.
Key words: Musa, banana, plantain, genome evolution, biodiversity, selection, plant breeding.
THE BOTANY OF BANANA (GENUS MUSA)
Bananas and plantains are monocotyledonous plants in the
genus Musa (Musaceae, Zingiberales). They are giant
herbs, commonly up to 3 m in height, with no ligniﬁcation
or secondary thickening of stems that is characteristic of
trees (Tomlinson, 1969; see Fig. 2A). The centre of origin
of the group is in South-East Asia, where they occur from
India to Polynesia (Simmonds, 1962). The centre of diver-
sity has been placed in Malaysia or Indonesia (Daniells
et al., 2001), although considerable diversity is known
throughout the range. The plants are distributed mainly on
margins of tropical rainforests (Wong et al., 2002).
The taxonomy of the approximately 50 species within the
genus Musa remains poorly resolved, not least because of
the widespread vegetative reproduction and natural occur-
rence of many hybrids. Most frequently, the genus is
divided into four (sometimes ﬁve) sections, Eumusa and
Rhodochlamys with a basic chromosome number of x ¼
11, Australimusa (x ¼ 10), and Callimusa (x ¼ 10 or x ¼
9) (after Cheesman, 1947; Simmonds and Weatherup,
1990; Dolezel and Bartos, 2005). Various minor and
major regroupings have been suggested (Wong et al.,
2002). At the species level, the number of species and
the status of subspecies has been debated (Taxonomic
Advisory Group for Musa, 2007). However, from the
point of view of the taxa related to crops, the morphological
features are well deﬁned (Musa Germplasm Information
System, MGIS; IPGRI–INIBAP/CIRAD, 1996). In the last
decade, in conjunction with molecular studies of Musa
accessions at the DNA level (see Bartos et al.,2 0 0 5 ) ,
aspects of the taxonomy have been clariﬁed but a careful
treatment of the complementary and contrasting data, along
with judicious ﬁlling of gaps in the data, is required to
resolve the relationships and phylogeny in the genus.
In a broader phylogenetic view based on groupings that
can be regarded as strictly monophyletic, Angiosperm
Phylogeny Group (2003) puts Musa within the Zingi-
berales, one of four sister Orders in the monophyletic
grouping Commelinids, along with the Poales (grasses),
Commelinales and Aracales. This puts Musa in an
important taxonomic position from the point of view of
comparative genetics, since it is a sister group to the well-
studied grasses. Apart from the cereals, bananas are the
major crop species within the Commelinids. The Musaceae
family includes a second genus, Ensete, with the Ethiopian
Banana, used occasionally as a food in East Africa. Ginger,
where the root is eaten, is the other signiﬁcant crop in the
Zingiberales. There are a number of horticultural species in
the genus Musa, and Strelitzia reginae (bird-of-paradise)
lies in the sister familiy Strelitziacea. The leaves of Musa
are used for their ﬁbre content: when fresh as plates for
eating or wrapping food parcels for steaming, or when dry
as strips for weaving into various articles and for rooﬁng
shelters. Speciﬁc names such as M. ornata and M. textilis
reﬂect these uses. * For correspondence. E-mail phh4@le.ac.uk
# 2007 The Author(s).
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://
creativecommons.org/licenses/by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.
Annals of Botany 100: 1073–1084, 2007
doi:10.1093/aob/mcm191, available online at www.aob.oxfordjournals.orgTHE BANANA CROP AND DOMESTICATION
Bananas and plantains are the fourth most important crop in
developing countries, with a worldwide production of about
100 Mt. Bananas provide a starch staple across some of the
poorest parts of the world in Africa (with consumption up to
400 kg per person per year) and Asia, while dessert bananas
are a major cash crop in many countries (FAOStat, 2007).
Bananas and plantains are cultivated throughout the
humid tropics and sub-tropics in the Americas, Africa and
Asia (each representing about a third of production),
extending into Europe (Canary Islands) and Australia
(Queensland). Worldwide, well over a thousand banana cul-
tivars or landraces are recognized. The vast majority of
the cultivated bananas (Pollefeys et al., 2004) are derived
from inter- and intraspeciﬁc crosses between two diploid
(2n ¼ 2x ¼ 22) wild species, Musa acuminata and Musa
balbisiana (Simmonds and Shepherd, 1955). In terms of
the chromosome sets, these are designated as having
the genome constitution AA (M. acuminata)o rB B
(M. balbisiana). These diploid Musa species have seeded
fruit with little starch and only a small amount of ﬂeshy
pith, and are of no value as a crop.
The cultivated bananas and plantains differ from their
wild relatives by being seedless and parthenocarpic – the
fruit develops without seed development or pollination
and fertilization. The genetic basis of the mutation (or
mutations) in the A genome that gives rise to parthenocarpy
has not been characterized, and no parthenocarpy has been
identiﬁed in B genome diploids, although hybrids of A and
B show the character. Most of the cultivars are wild collec-
tions made by farmers of spontaneously occurring mutants
with parthenocarpic fruit production, which were brought
into cultivation and then multiplied and distributed by vege-
tative propagation. There is no straightforward botanical
distinction between bananas and plantains but, in general,
bananas refer to the sweeter forms that are eaten uncooked,
while starchy fruits that are peeled with a knife when unripe
and then cooked are referred to as plantains and cooking
bananas, while some cultivars are ‘beer bananas’ for fer-
mentation of the juice, or used for deep frying as banana
chips.
Many of the domesticated bananas (Figs 1 and 2) have
proved to be triploid, 2n ¼ 3x ¼ 33, with genome consti-
tutions of AAA (mainly the sweet dessert bananas), AAB
or ABB (mainly but not exclusively starchy plantains
eaten after cooking). There are also seedless cultivated
AA and AB diploids, and tetraploids (2n ¼ 4x ¼ 44) with
genome constitutions of AAAA, AAAB, AABB and
ABBB. These various plants have been collected from mul-
tiple, independent sources in the wild, so the hybridization
events and mutations giving rise to the seedless and parthe-
nocarpic characters have occurred many hundreds of times.
Where fertile plants occur together, hybridization continues
to produce new diversity (Pollefeys et al., 2004) and par-
ental combinations. Simmonds (1962) considered ﬁve
plant characteristics that lead to farmers picking plants for
cultivation: plant vigour, yield, seedlessness, hardiness
and fruit quality, the ﬁrst four of which are related to poly-
ploidy (triploidy).
The ploidy and genome constitution of banana accessions
has been determined by study of plant and fruit morphology
since the 1940s; now, methods of numerical taxonomy have
reﬁned the approach (Simmonds and Weatherup, 1990;
Ortiz, 1997a; Ortiz et al., 1998; Pollefeys et al., 2004).
Flow cytometric analysis (Dolezel and Bartos, 2005) is
proving valuable for accurate and rapid surveys without
growing mature plants. In situ hybridization to chromosome
preparations using DNA probes that label the A and B
ancestral genomes separately have shown that the full sets
of x ¼ 11 chromosomes are present (Fig. 3; Osuji et al.,
1997), and most cultivars have complete genomes of 11
chromosomes. However, d’Hont et al. (2000) used in situ
hybridization to show that the variety ‘Pelipita’ (2n ¼
3x ¼ 33) included eight A chromosomes and 25 B chromo-
somes rather than the 11 A and 22 B of the normal ABB
FIG. 1. The diversity of banana and plantains on sale in a shop in south India (Varkala, Kerala State) with various genome compositions. Cultivars are
indicated by letters above bunches: a, cultivar ‘Red’ (AAA genome constitution), a prized sweet dessert banana cultivar. Differences between bunches are
mostly from water and nitrogen conditions in the ﬁeld, and not genetic. b, ‘Palayam Codan’ (AAB). c, ‘Njalipoovan’ AB (unripe and ripe, green and
yellow) sweet dessert banana with small ﬁngers, thin skin and delicate ﬂavour but poor keeping quality and the fruits fall off bunches. d, ‘Robusta’
(‘Cavendish’ group, AAA); ‘Cavendish’ cultivars ripen without changing to yellow (green ripe) when above 228C. e, ‘Nendran’ (AAB), used for
cooking and for making chips. f, ‘Peyan’ (ABB) used as a vegetable for curries and for cooked snacks. g, ‘Poovan’ (AAB). (A light tube has been
edited out of the picture in the top left.)
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had more than 11 B genome chromosomes. Analysis of
IRAP markers (see below) indicate that ‘Pelipita’ lies in
an anomalous phylogenetic position away from other
species (Desai and Heslop-Harrison, unpubl. res. in work
from 2004). Thus backcrossing or chromosome elimination
has occurred during the derivation of some varieties.
Molecular analyses have suggested the presence of chromo-
some markers from Musa species other than the A and B
genome, and d’Hont et al. (2000) used in situ hybridization
to conﬁrm the presence of complete S and T genomes, from
Musa schizocarpa and M. textilis, respectively, in some vari-
eties. The diploid variety ‘Wompa’ was AS, while other
genotypes were established as AAT and ABBT.
Polyploids can originate by doubling of somatic chromo-
some numbers from diploids, but the most common origin
in the wild is likely to be from 2n gametes, where gameto-
genesis has been modiﬁed, sometimes through failure of
one division of meiosis and generation of a restitution
gamete with the same genetic constitution as the parent.
The importance of 2n gametes has been considered in
wild diploid species and cultivated polyploid crops (Ortiz
and Peloquin, 1992). Raboin et al. (2005) used RFLP
markers to show that ‘Cavendish’ and ‘Gros Michel’
AAA bananas had a common diploid ancestor from the
Indian Ocean Islands that was included in the triploid cul-
tivars through 2n gametes, with the two cultivars having a
different genotype contributing the third genome through
a haploid gamete.
As well as the nuclear genome, the origin and fate of the
plastid and mitochondrial genomes are important in hybrid
crops, contributing to critical agronomic traits. In the
cereals, the organellar or plasmon genomes have signiﬁcant
consequences for fertility, disease resistance and yield
(Tsunewaki and Ogihara, 1983), as well as indicating the
nature and directions of hybrids that have given rise to
new species. In Musa, Faure et al. (1994) made controlled
and reciprocal crosses that demonstrated strong bias towards
maternal transmission of chloroplast DNA, but showed the
unusual phenomenon of paternal transmission of mitochon-
drial DNA in Musa acuminata. The study was extended
by Carreel et al. (2002) to analyse the origins of more
FIG. 2. A, A banana plant with ripening fruit bunch. A sucker is growing from the base of the stem which will form a replacement plant after the fruit is
harvested and the mother plant cut down. B, The dessert banana ‘Gros Michel’ (AAA, 2n¼3x¼33) killed by Panama disease or Fusarium wilt. ‘Gros
Michel’ was the major export banana before spread of the disease led to its replacement by the variety ‘Cavendish’ which accounts for nearly all the export
trade in banana.
Heslop-Harrison and Schwarzacher — Domestication and Genomics of Banana 1075than 300 Musa genotypes, leading to the conclusion that
most cultivars are linked to two subspecies of
M. acuminata, M. acuminata banksii and M. acuminata
errans, through their mitochondrial genomes.
BANANA PROPAGATION
The banana plant readily produces vegetative suckers next
to the mother pseudostem at the base of plant, with strong
vascular connection to the mother (Fig. 2A). These can
be removed from the parent and planted separately, where
they rapidly develop new leaves and root systems, allowing
rapid vegetative propagation and multiplication. In cultiva-
tion, unwanted suckers are removed to avoid weakening the
parent plant. The suckers are the major source of planting
material and normally remain true-to-type. After planting,
at a typical density of 1500 to 2500 plants ha
21,e a c h
plant produces a single pseudostem with one fruit bunch
of 20–40 kg harvested 9–14 months after planting. The
plant is then cut to ground level, the leaves removed and
destroyed to control disease, and a side sucker allowed to
grow up to produce the next crop. In intensively managed
plantations, the plants are replaced with new, disease-free
planting material after three-to-eight of these ratooning
cycles. Where plants are not replaced, a gradual and con-
tinuous yield decline is usually observed, attributed to
disease build-up.
During propagation, some somatic clonal variants have
been observed and selected, in particular for inﬂorescnce,
fruit and height characteristics (Krikorian et al., 1993;
Szymkowiak and Sussex, 1996). Good examples come
from the ‘Cavendish’ group of dessert bananas, where
there are several height variants such as (in approximate
descending order) ‘Lacatan’, ‘Robusta’, ‘Valery’, ‘Giant
Cavendish’, ‘Grand Naine’, ‘Dwarf Cavendish’, ‘Petit
Naine’ and ‘Dwarf Parﬁtt’, and other variants, such as
‘Williams’ and ‘Zelig’. The changes giving rise to these
independently named varieties are considered to be
genetic mutations, although without the possibility of carry-
ing out genetic segregation tests and without cloning and
sequencing the relevant genes this is not proven and they
may be epigenetic variants. However, there are some
detectable changes between the ‘Cavendish’ groups at the
DNA level. The diversity of new forms derived through a
combination of accumulation of somatic mutations and
human selection has led Ortiz (1997a) to consider
sub-Saharan Africa as a secondary centre of banana
diversity.
FIG.3 .In situ hybridization to banana chromosomes (2n ¼ 3x ¼ 33) stained blue (A, D) with the ﬂuorochrome DAPI. (A–C) hybridization of 5S
(labelled green, B) and 45S (red, C) rDNA to chromosomes from the ABB cooking banana ‘Fougamou’ showing three major 45S rDNA loci (one chromo-
some in each genome carries locus), while multiple chromosomes have 5S loci. (D–F) A metaphase from the ABB (2n ¼ 3x ¼ 33) cultivar ‘Bluggoe’
labelled with total genomic DNA from the diploid genome donor Musa acuminata (A genome; red in E). The DNA hybridizes predominantly to the
centromeres of A genome origin chromosome and identiﬁes these 11 chromosomes, shown in the drawing in F (Osuji et al., 1997, 1998). Scale bar
in (D) ¼ 5 mm.
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cient in Musa. These can give high-quality, uniform
plants free of disease and nematodes, and much of the
planting material used in commercial plantations, and
increasingly in smallholder production, comes from mass
micropropagation. Shoot tip cultures have been most
widely used (Strosse et al., 2004), but suspension cultures
are also being developed (Roux et al., 2001). In some
tissue culture systems, high levels of chimerism are
found, where chromosome number and genotype vary
(Roux et al., 2001) in the resulting plants. The valued
South Indian ‘Red’ sweet banana (see Fig. 1) shows
regular reversion of the colour character to green, particu-
larly in tissue-culture propagated plants but also in the
ﬁeld (Stover and Simmonds, 1987), although the basis of
this has not be conﬁrmed. A programme checking varietal
characteristics of material grown up after a decade of
storage in vitro is showing that very few morphological or
ploidy variants have been induced (van den Houwe et al.,
1995). Applications of molecular markers (see below) do
show some DNA changes (Ray et al., 2006) arising follow-
ing tissue culture. Notably, Oh et al. (2007) demonstrated
that some genomic regions of Musa show higher rearrange-
ments and mutation rates than others under the stresses
imposed during tissue culture.
PLANT DISEASES AND ABIOTIC STRESS
CHALLENGES
The Musa crop suffers from several devastating diseases
(Robinson, 1996), and there is a continuous challenge to
existing varieties by new diseases and newly virulent
disease strains, which are met with agronomic practices to
control disease spread, the development and application
of chemical controls, and the search for genetically resistant
cultivars. In commercial plantations, twice-weekly agro-
chemical applications may account for 30 % of the pro-
duction costs, while steady yield declines in many
smallholder systems may be accounted for by disease.
Historically, Panama disease or Fusarium wilt, caused by
the fungus Fusarium oxysporum f. sp. cubense has devas-
tated banana production and ‘is widely regarded as one of
the most destructive plant diseases in recorded history’
(Moore et al., 1995). The disease was ﬁrst reported in
Australia in 1874 and spread to nearly all banana-growing
regions, eventually destroying the export trade based on
the variety ‘Gros Michel’ (Fig. 2B) and its leading to its
replacement in the 1950s and 60s by the resistant
‘Cavendish’ (AAA) group of cultivars that are now the
major export variety. More recently, an extremely virulent
form of the pathogen, ‘Tropical Race 4’, has been spreading
and is causing substantial losses to both subsistence farmers
and commercial growers since it attacks ‘Cavendish’
(Hwang and Ko, 2004). Once established in an area,
Fusarium cannot be controlled chemically by fungicides
or soil fumigants, or by cultural practices such as rotations
or soil amendment, so the only long-term option for conti-
nuing banana production is replacement of a susceptible
variety with a resistant variety (Hwang and Ko, 2004;
Daly and Walduck, 2006). However, most commercial
varieties are susceptible to ‘Tropical Race 4’ (e.g. all
those in Taiwan tested by Su et al., 1986). Although a
number of varieties have been identiﬁed with resistance
genes that may be useful in breeding or gene-transfer pro-
grammes, these varieties have weaknesses and are not suit-
able as replacements for ‘Cavendish’ (Daly and Walduck,
2006).
Another fungal disease, Black sigatoka leaf spot or black
leaf streak disease (BLSD, Mycosphaerella ﬁjiensis) has
been serious in recent years (Ferreira et al., 2004), with
infection commonly leading to 50 % crop losses and the
need for control with environmentally undesirable and
expensive fungicides. There is some genetic resistance in
Musa with potential for exploitation (Ortiz and Vuylsteke,
1995), and genomic studies of the pathogen, including com-
plete sequencing, are underway (Conde-Ferra ´ez et al.,
2007). A bacterial wilt caused by Xanthomonas is spreading
rapidly in East Africa; although control of spread by cultural
practices is being attempted, a long-term solution may again
come through genetic resistance. Other viral and fungal dis-
eases include banana bunchytopvirus (BBTV,controlled by
eradication of infected plants), banana streak virus (BSV),
freckle (Cladosporium musae), Phyllostictina musarium,
Cordana and Moko disease (Ralstonia solanacearum; Jain
and Swennen, 2004). Burrowing nematodes (Radopholus
similis and Pratylenchus spp.) and weevil (Cosmopolites
sordidus) pests also constrain banana production, with little
genetic resistance in widely grown cultivars and infection
often leading to plantations becoming uneconomic and
being abandoned.
An important group of viruses, the badnaviruses includ-
ing BSV (Hull, 2002), are related by sequence to the retro-
elements. Harper et al. (1999) showed that the BSV-related
sequences are integrated within the nuclear genome, and
since then it has become clear that the elements can be
expressed and give rise to a viral infection (Harper et al.,
2002), although integration is not an essential part of the
viral life cycle. Hull et al. (2000) and others have specu-
lated that the presence of integrated copies may confer
virus resistance through induction of transcriptional or post-
transcriptional gene silencing of homologous sequences.
BANANA GERMPLASM
Within collections of Musa germplasm worldwide, there
are between 1500 and 3000 accessions, representing a
wide range of morphological variation and genome consti-
tutions. Many of the varieties of banana have been main-
tained locally, although in recent years the distribution of
selections with improved characteristics, as well as con-
sumer preference for deﬁned varieties, has led to a reduction
in the number of varieties grown. This is evident in South
India where three or four clones are most widely available.
Johannessen (1970) pointed out how farmers in Central
America collect different varieties, with typically 12–21
being present on each farm, which he considered ‘as a
form of insurance against possible disaster’. It is not clear
whether this is as widely practiced now, and anecdotal
observations might suggest that the practice is declining.
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senting much of the diversity of the banana crop, are main-
tained in tissue culture at the Bioversity International
Transit Centre (ITC) in Belgium, and these provide a valu-
able reference collection that is mostly in the public domain
and freely accessible for research and breeding, and distrib-
uted as tissue-culture plantlets. Elsewhere in the world,
many researchers, particularly in Asia, have developed
ﬁeld-based germplasm collections, and well-curated inter-
net databases are now disseminating information about
these collections (Pollefeys et al., 2004). While mor-
phology and ﬂow cytometry are measures of diversity, the
analyses have limitations and there remain questions
about the presence of multiple genotypes with a single
name or a single genotype with multiple names. Where
plants have been studied in different regions, how much
diversity is environmentally induced and how much genoty-
pic? What diploid genotypes are represented in the tri-
ploids, and how diverse are the triploid selections?
Answers to these questions, now coming from
DNA-based molecular diversity studies (see below) will
help to direct plant breeders towards appropriate germplasm
to test and select, and to focus germplasm collections
towards representing the full range of diversity present in
the genus at all ploidy levels.
BANANA AND PLANTAIN IN PLANT
BREEDING
Plant breeders face similar challenges in all species: the
need for higher quality and productivity in the face of chan-
ging pressures from both biotic (disease-caused) and abiotic
(environmental) stresses. As with any crop, a combination
of intensive cultivation and extensive growth of single vari-
eties leads to the emergence of virulent pathogens, either
through new mutations in the pathogens or through spread
of existing virulent strains. Abiotic stress, whether from
water, salinity, wind or temperature, coming from increas-
ing the range where the crop is grown, changing water
availability or climate change, is affecting the crop and
can lead to large yield instability and ﬂuctuations in pro-
duction and price. Musa germplasm includes disease resis-
tances, abiotic stress resistances, and altered agronomic
performance within various accessions. The genepool, as
in other domesticated species, provides a valuable resource
for improvement of the crop. However, conventional cross-
breeding programmes using elite cultivars are not practical
in banana because cultivated bananas are sterile: the diver-
sity in cultivars is derived from wild collections that are
vegetatively propagated. In Musa, the challenges are to
identify and characterize the relevant genes and genetic
diversity, and then to utilize this variation in a largely
sterile crop propagated by tissue culture. Biotechnology
and gene technology, together with conventional methods,
can assist in overcoming the problems in developing new
banana cultivars.
Banana breeding – the deliberate creation and selection
by breeders of synthetic hybrids – has been carried
out since the 1920s (Rowe, 1984; Ortiz and Vuylsteke,
1995) but by early in the 21st century, none of these
synthetic cultivars and radiation mutants were widely
grown (Jain and Swennen, 2004). Rowe (1984) has sum-
marized sexual methods for the breeding of bananas at
that time. Vuylsteke et al. (1997) and Ortiz (1997c)
reviewed the wide array of breeding schemes being
explored, combining conventional and innovative
approaches, and producing potential cultivars from
primary tetraploids, secondary triploids and other popu-
lations. There are a number of new cultivars that are now
released or in ﬁeld tests arising from these programmes,
and it is anticipated that they will soon become more
widely grown and accepted.
Although seed set in triploid banana accessions is very
low, some triploid cultivars have residual fertility, and
hand-pollination with diploid parents gives some seed –
typically averaging less than one to 20 or more seeds per
fruit bunch (30 kg; Ortiz and Vuylsteke, 1995). These
authors were able to produce useful hybrids following
in vitro germination of seed from triploid  diploid
crosses. Ortiz (1997b) has reported the production of 2n
pollen in both male-fertile diploid and polyploid accessions
of Musa, but suggested that 2n pollen production may be a
character that evolved late in the domestication of
cultivated Musa. The occurrence of 2n pollen allowed
Ortiz to suggest it will be useful for transfer of desired attri-
butes to the polyploid level through sexual polyploidization,
rather than alternative analytical breeding schemes. Parti-
cularly where the parental stocks are not well characterized,
agoodknowledgeofrelationshipsbetweendiploid(wildand
cultivated) and triploid cultivars is essential to help choose
diploid parents for use in producing agriculturally useful
hybrids (Carreel et al., 2002).
The banana breeding programmes at FHIA in Honduras
(Rowe and Rosales, 1993) has been based on selection of
improved diploids that were crossed to eventually generate
triploids, a number of which have been released as varieties.
Other programmes involve crossing AA diploids with AAB
triploids to generate diploid and tetraploid (AAAB) hybrids
with improved disease resistance and agronomic characters,
a strategy used by the International Institute of Tropical
Agriculture (IITA) in Nigeria and Kenya (Crouch et al.,
1999) and in Brazil by EMBRAPA (Ferreira et al., 2004).
CARBAP in Africa and CIRAD-FLHOR in the West
Indies also have active crossing and selection projects
(Escalant et al., 2002).
Breeding through mutation is an important approach for
Musa, and as with many mutation programmes is parti-
cularly valuable to compensate for deﬁned weaknesses in
existing cultivars. Roux (2004) has summarized the
history of the two commercially released banana lines
derived from gamma-ray-induced mutations. Both have
useful agronomic traits: ‘Novaria’, released in 1995,
ﬂowers about 10 weeks earlier than the original parental
clone (‘Grande Naine’ in the ‘Cavendish’ group), while
the Thai variety ‘Klue Hom Thong’ KU1 has large bunch
size and a cylindrical shape with larger banana ﬁngers.
A number of other traits derived from mutation treatments
or from somaclonal variants, including dwarﬁsm, Fusarium
wilt and Black Sigatoka resistance, are currently being
evaluated (Hwang and Ko, 2004; Roux, 2004).
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bananas have been developed. Transformation with alien
genes and selectable markers is usually low-efﬁciency
and dependent on the genotype and state of material,
although procedures are improving. Both particle bombard-
ment (Sa ´gi et al., 1995) and Agrobacterium-mediated (May
et al., 1995; Khanna et al., 2004; Rodrı ´guez-Zapata et al.,
2005) strategies have been applied. As well as marker
genes, anti-fungal, anti-nematode (Atkinson et al., 2004),
virus-resistance genes and some for control of ripening
have been the earliest targets for transformation, and
clearly both the precision and speed of this technology
(e.g. using cell suspensions and BIBAC vectors,
Ortiz-Vazquez et al., 2005) is increasing as plants are
trialled in the ﬁeld. The use of banana transformed with
fruit promoters and appropriate protein genes has also
been considered to produce and deliver edible vaccines
(Mason et al., 2002).
BANANA GENETICS
Because of the sterility, genetics based on segregating
populations has not been possible in the triploid bananas,
and efforts at mapping diploid Musa species have not
been particularly successful. The ﬁrst genetic linkage map
was published by Faure et al. (1992) based on 90 loci in
a population of 92 F2 individuals from an F1 cross
between two divergent M. acuminata accessions. Finding
suitable polymorphisms for mapping was difﬁcult because
of the heterozygosity of the grandparents, and 15 linkage
groups (rather than 11) were detected, accounted for by
chromosome structural rearrangements between the two
grandparents. There are several programmes aiming to
make new F1 mapping populations, but none is yet avail-
able for researchers. Where diploid segregating populations
have been established, it seems they are difﬁcult to main-
tain: maybe viability of hybrid populations is low because
of chromosomal translocations and segregation of inviable
gene alleles. A combination of cost, space and disease/bio-
security constraints, with potential restrictions because they
are intellectual property, also limit generation of Musa
mapping populations.
Because of the difﬁculty in making crosses for linkage
mapping, alternative strategies are being explored for
Musa genetics. Firstly, now that thousands of PCR-based
markers can be created from Musa DNA sequences in the
databases, the HAPPY mapping strategy could be applied
(Thangavelu et al., 2003). Genomic DNA is diluted to a
fraction of a genome equivalent per tube (effectively segre-
gating markers to different tubes) and ampliﬁed non-
selectively, before aliquots are tested for ampliﬁcation by
pairs of PCR markers to assess linkage. Another approach
to mapping could use Musa double-haploids (as generated
by Assani et al., 2003) and, if large numbers could be pro-
duced from a single heterozygous recombining pollen
source, then linkage mapping could be established in the
progeny, perhaps in tissue culture. In the absence of a struc-
tured segregating population, gene isolation, characteriza-
tion and functional genomics can be carried out using
collections of mutations – a mutation grid – (Ahloowalia
et al., 2004), providing an alternative strategy that might
be applicable, particularly in sterile cultivars.
The lack of mapping populations in Musa means there is
no prospect of mapping quantitative trait loci (QTLs) using
the conventional approach with large segregating popu-
lations of F2, backcross or doubled-haploid plants. The
use of linkage disequilibrium (LD) mapping (also called
association genetics), as in human populations (with its
related approach, genome-wide – single nucleotide poly-
morphism typing and association with phenotype, Gibbs
and Singleton, 2006), may be an important development
for discovery of important trait genes and valuable alleles
in Musa. LD mapping requires the ability to genotype hun-
dreds of accessions with thousands of markers, and the
diversity of Musa accessions available in germplasm
banks from unstructured populations is appropriate for
this approach.
MUSA GENOMICS
The genome size of Musa was determined by Dolezel et al.
(1994): the unreplicated haploid genome size is 550 Mbp in
M. balbisiana and 600 Mbp in M. acuminata (Lysak et al.,
1999; extended to a range of species in all sections of Musa
and in Ensete by Bartos et al., 2005). This is larger than the
genomesfoundinspeciessuchasriceorArabidopsisthaliana
(between 150 and 500 Mbp), but much smaller than the
Triticeae cereals (5500 Mbp in barley, 9000 Mbp in rye,
and 17 000 Mbp in hexaploid wheat; Bennett and Leitch,
2004). Divided among 11 chromosomes in the haploid
set, this means that the chromosomes are relatively small,
and all are similar sizes with about 50 Mbp of DNA.
Osuji et al. (1998) showed that there was one major 45S
rDNA site on each chromosome set, but variation in the
number of 5S rDNA sites between two and six
(Dolezelova et al., 1998; Osuji et al., 1998; Bartos et al.,
2005). Figure 3 shows metaphase chromosomes of a tri-
ploid Musa cultivar.
In contrast to the genetic mapping of Musa, the study of
genomics advanced rapidly in the ﬁrst years of the 21st
century. Several BAC clone libraries were developed from
both A and B genome diploid Musa species (Vilarinhos
et al., 2003; Safa ´r et al., 2004; Ortiz-Vazquez et al.,
2005; Musagenomics, 2007) with a total genomic coverage
of more than 30 times. The Musa Genomics Resource
Centre was established in the Czech Republic to distribute
these resources, and by 2007, 42 BACs totalling 3.3M b p
(starting with Aert et al., 2004) and 4.5 Mbp of BAC end
sequences (BES; Cheung and Town, 2007) were published.
These allow an overview of the Musa genome showing that
it has a 47 % GC content, the development of large
numbers of PCR-based markers, and a comparison of
genes and genomic structures with other species.
The gene sequences of banana have been analysed from
genomic DNA and from RNA. Analysis of the BAC and
BES sequences show that a coding gene occurs every 6.4
to 6.9 kb in genomic DNA (Aert et al., 2004; Cheung and
Town, 2007) except in regions with large numbers of trans-
posable elements where there are fewer genes. Several
thousand ESTs (expressed sequence tags, gene sequences
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of gene expression, responses and differentiation of the
plants, and examination of diversity, have been published
(Santos et al., 2005) and many tens of thousands more
are becoming available. Comparisons of EST libraries
will be very valuable for identiﬁcation of genes that are dif-
ferentially expressed under stress conditions – Santos et al.
(2005) made libraries from plants grown in cold (5 8C) and
hot (458C) conditions, and found that about 30% of the
genes in their library had been identiﬁed in other species
as being involved in responses to environmental stress,
and that there were substantial differences in the expression
between the two libraries. Coemans et al. (2005) used an
alternative method for gene-expression proﬁling (transcrip-
tome mapping), SuperSAGE, which they suggest will be
very useful for screening and identifying genes that are dif-
ferentially expressed under biotic or abiotic stresses.
Like all plant genomes, the Musa genome consists of
repetitive DNA and single copy sequences, and understand-
ing the composition and organization of the genome at the
large-scale level is helpful to allow gene isolation and to
understand long-term and short-term evolutionary pro-
cesses (Kubis et al., 1998; Schmidt and Heslop-Harrison,
1998). Baurens et al. (1996) used a competitive PCR to
show that some repetitive DNA sequence families repre-
sented more than 1 % of the Musa genomes. By using
labelled total genomic DNA from A and B genome
diploid species to hybridize to chromosomes from hybrid
cultivars, Osuji et al. (1997) showed that the repetitive
DNA components of the two genomes were substantially
different since the two or three chromosome sets in the
hybrids were labelled differentially (see Fig. 3). These
results indicated that there were large arrays of repetitive
sequence at the centromeres of the chromosomes, since
these regions were both stained brightly as chromocentres
using the DNA stain DAPI, and the in situ hybridization
showed that the major genomic repeats represented in the
labelled genomic DNA were from the centromeres.
Valarik et al. (2002) cloned and characterized many repeti-
tive DNA sequences and located those that were not related
to rDNA or retroelements in the centromeric region of the
chromosomes.
Several pairs of BACs containing homoeologous regions
from the M. acuminata (A) and M. balbisiana (B) genomes
have been sequenced. Figure 4 shows a dot-plot of two
clones of Musa. The continuous diagonal line shows
regions where a high proportion of nucleotides are identical
between the two species. Gaps may be horizontal or vertical
(regions where there are additional sequences present in
one genome) or diagonal (regions where the sequences
differ between the two genomes). At the scale of less
than 100 000 bp, these plots show that the genomes are
similar and that the gene order is largely conserved.
Cheung and Town (2007) compared pairs of BAC end
sequences from single BACs and found that a small
number also mapped to adjacent regions of the rice
genome, indicating conserved microsynteny over a larger
taxonomic range, and showing how part of the Musa
genome can be anchored to rice. As the authors point out,
this provides a cost-effective and efﬁcient way to
understand Musa genes and the genome by informatics
and conserved synteny with the model reference species
rice and Arabidopsis thaliana.
Retroelements, class I transposable elements or transpo-
sons, are abundant in the Musa genome (Baurens et al.,
1997; Balint-Kurti et al., 2000; Teo et al., 2002), as in
other species (Heslop-Harrison et al., 1997). Automated
annotation of the BAC libraries shows that more than a
third of the open reading frames are related to retroelements
(Musagenomics, 2007). The analysis of two BACs by Aert
et al. (2004) revealed that one BAC consisted of 45 kb of
gene-rich sequence without retroelements, followed by
28 kb containing mostly transposon-like sequences and
repetitive DNA. BAC-end sequencing, allowing a survey
of the whole genome, showed that 36 % of the BESs con-
tained sequences homologous to transposable elements
(Cheung and Town, 2007). The evidence suggests that
Musa has repeat-rich regions in the centromeres and
perhaps elsewhere, and there may be gene-rich regions, as
suggested in other species (see Heslop-Harrison, 1991).
BANANA DIVERSITY
Morphological data has suggested that Musa is diverse with
well-deﬁned characters (MGIS, Pollefeys et al., 2004)
giving accurate indicators of genome constitution and
ploidy. However, phenotyping for many physiological char-
acters, including biotic and abiotic stress tolerance, particu-
larly under controlled, contained, reproducible conditions is
difﬁcult because of the size of the plants, and long life
FIG. 4. A dot-plot comparing about 100000 bp (x and y axes) of the
genomic DNA sequence in homoeologous BAC clones from the A and
B genome. Horizontal: Genbank accession AC186955 from Musa acumi-
nata; vertical AC186754 from M. balbisiana (submitted to database by
Chris Town et al., TIGR, 2006; dot-plot made using program by
Sonnhammer and Durbin, 1995). Similar DNA sequences are indicated
by lines made up of dots, while gaps indicate regions of different sequence
or insertions and deletions.
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(e.g. from the ITC), allows identical genotypes to be trialled
under contrasting conditions, and is particularly important
for testing ﬁeld disease resistance; the ‘Gros Michel’
plant shown in Fig. 2B was grown in a Fusarium-infected
‘hot-spot’. However, phenotyping for drought tolerance
has been less systematic; an ideal study would require
alteration of the single variable of water under ﬁeld con-
ditions, with effects of chronic and acute drought onset
being tested independently. This could be achieved with
controlled irrigation in a dry area, since large plants with
deep roots would probably be too difﬁcult to grow under
shelters. Greenhouse-grown plants and in vitro tests
where, for example, plantlets or cultured cells are chal-
lenged with fungal toxins or osmotic shock, are being
used to evaluate important characters, but correlation to
ﬁeld behaviour remains essential.
Molecular marker methodsusing polymorphic-anonymous
(that is, not of any known functional importance to the
plant) markers are widely used for germplasm characteriz-
ation. In the 1980s, isozyme and anthocyanin analysis con-
ﬁrmed that Musa germplasm was indeed genetically diverse
(Jarret and Litz, 1986; Horry and Jay, 1988). Soon after,
DNA markers became available. Although little attention
has since been paid to non-DNA based biochemical
markers, including antibodies, it is worth noting that they
can be very high throughput, fast and accurate, with little
requirement for skilled labour or advanced laboratory
equipment compared to DNA markers. They may prove
to be valuable in some plant diversity, selection and breed-
ing contexts, allowing larger samples and complementing
use of DNA markers.
Projects aiming to characterize and sample the diversity
of Musa germplasm including wild species and cultivars
with world-wide (Tenkouano et al., 1999) and regional
(Pillay et al., 2001) focus have used most of the different
classes of DNA markers including RFLP, AFLP (Ude
et al., 2002a, b), PCR–RFLP (Nwakanma et al., 2003a,
b), microsatellites and retroelement (Teo et al., 2005)
markers, as well as the unreliable (Jones et al., 1997)
RAPD method. These studies are proving valuable in
national breeding programmes and fundamental studies of
biodiversity, while it is also important that genetic diversity
is evaluated within the genebanks. In the decade to 2007,
some30refereedpapershavebeenpublishedcoveringdiver-
sity in national or continental collections, wild species,
cultivars and landraces, and presenting different techniques
and primers.
The data have been used to infer relationships between
Musa accessions, including investigation of the represen-
tation of wild species’ diversity in cultivars, to build phylo-
genetic trees suggesting relationships and groupings of
diverse germplasm. Methods using PCR-based techniques
are particularly appropriate because of the high levels of
polymorphism that can be detected efﬁciently. Primers
ﬂanking polymorphic simple sequence repeats (SSRs)
have been used in a number of studies in Musa where
they provide co-dominant, chromosome-speciﬁc markers;
SSRs have been successfully used for germplasm analysis
and estimation of genetic relationships between accessions.
As pointed out by Buhariwalla et al. (2005), SSR markers
are routinely used in numerous studies in Musa (Crouch
et al., 1999, 2000 and references therein; Creste et al.,
2004), and a large number of markers have been published
from both the A and B genome; many of the markers
amplify sequences from both genomes.
An alternative marker system to SSRs exploits the abun-
dance and polymorphic nature of retrotransposon insertions
into the nuclear genome. By using PCR primers facing
outwards from conserved regions of retroelements, DNA
fragments can be ampliﬁed and inter-retroelement ampli-
ﬁed polymorphisms (IRAPs) detected (Waugh et al.,
1997; Kalendar et al., 1999); as with SSR markers, poly-
morphisms can be used to infer relationships and phylo-
genies as the retroelements are a relatively rapidly
evolving genomic component. IRAP methods can reveal
high levels of polymorphism, and have the advantages
that no DNA digestion, ligations or probe hybridization
are needed to generate the marker data (Nair et al., 2005;
Teo et al., 2005).
SUPER-DOMESTICATION AND BANANAS
As with all other crop species, banana production faces
major challenges from biotic and abiotic stresses. As well
as the critical need for better genetic disease resistance,
there is the need for banana to contribute to better food
security through greater yields and more efﬁcient pro-
duction, greater yield stability, better use of water, less
and less toxic chemical input, and higher quality. About
85 % of banana production is eaten as a staple food in the
country of production, but this market is changing rapidly
with urbanization of the population and a smaller proportion
of the crop being produced for homestead use, meaning
transport and distribution chains. In the export market,
there is a huge investment in the shipping chain for the
single important export cultivar group ‘Cavendish’, and
evenlegislationdeﬁningfruitsizesandprohibitingabnormal
curvature (European Commission, 1994). Such strict stan-
dards make changes in variety difﬁcult (Raboin et al.,
2005), but banana export remains a signiﬁcant part of the
economy of many developing countries.
Compared to other species discussed in this volume,
banana has an unusual triploid genetic background with
parthenocarpy, and the process of domestication has been
largely through collection of individual varieties from
spontaneous mutations in the wild. Hence conventional
genetics and plant breeding are relatively poorly developed.
However, genomic approaches are now rapidly advancing
in Musa: the Global Musa Genomics Consortium was
established in 2001 to assure the sustainability of banana
as a staple food crop by developing an integrated genetic
and genomic understanding, allowing targeted breeding,
transformation and more efﬁcient use of Musa biodiversity.
The gene-pool within wild Musa species and represented
in the cultivars has the diversity to meet the challenges
faced by banana breeders and its characterization is a key
to making better use of the biodiversity. Effective plant
breeding requires knowledge of Musa genome evolution
and structure (Dolezel and Bartos, 2005), complemented
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discovery. Understanding the evolution of the banana
genome through the DNA changes, hybridization and poly-
ploidy in the past will allow prediction of how genomes
will change in the future, whether under natural evolutionary
processes, or the accelerated processes of plant breeding.
New data are allowing us to exploit comparative genomics
to gain an understanding of Musa genetics, and the complete
DNAsequenceofaMusaspecieswouldbevaluableforboth
fundamental research and for application in future improve-
ment of the crop, enabling access to all the genes and their
control sequences. The genetic understanding and develop-
mentoftoolsmeansthereareprospectsfor‘newgenerations’
of super-domestication through breeding technology invol-
ving sexual hybridization, mutation breeding and targeted
transformation approaches.
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